Introduction
Semiconductor nanocrystals, commonly known as quantum dots (QDs), are highly tunable, quantum-confined materials with solid-state applications ranging from TVs to solar cells. 1, 2 The myriad of applications of these materials stem from the small size of the semiconductor, where excited states are confined to occupy a finite volume and therefore allow only certain discrete energies, yielding a well-defined band-edge transition energy. The optical properties of QDs are not their only size-dependent feature, however; the acoustic phonons confined to the volume of a nanocrystal also exhibit highly sizedependent energies, with phonon frequency roughly inversely proportional to QD radius. 3 These acoustic phonons are known to play a role in QD thermalization, 4 exciton decoherence and dephasing, 5, 6 and non-radiative relaxation processes, 7 among others. While several studies have examined how size 3 and polydispersity 8 play a role in the acoustic phonon energies, there has been little work targeted towards understanding how these phonon modes shift in energy as a function of temperature and what those dependencies reveal about the nature of the phonon modes themselves. Temperature dependent frequency shifts and peak widths have been extensively studied for optical phonons in bulk crystals [9] [10] [11] and nanocrystals, [12] [13] [14] [15] [16] [17] [18] and are modeled using bond anharmonicity models. In particular, the longitudinal optical (LO) phonon has been shown to redshift in energy and broaden in linewidth with increasing temperature in CdSe nanocrystals, [12] [13] [14] [15] [16] [17] [18] but the temperature dependence of the acoustic phonons have received little attention. Results in ZnO nanocrystals at high temperatures (300-700 K) suggest that a simple anharmonic phonon-phonon decay mechanism cannot fully explain the observed temperature dependence of the energies and linewidths of acoustic phonon modes. 19 Temperature-dependent measurements of acoustic phonons in other nanocrystal materials systems are lacking, in spite of their relevance to low-temperature photoluminescence studies. [20] [21] [22] Here we use low-frequency Raman spectroscopy to measure the temperature dependence of the acoustic phonons in several sizes of colloidally synthesized CdSe nanocrystals, as well as core-shell structures. Beyond the expected inverse size effect of the Ramanactive acoustic phonons, the size-and temperature-dependent data reveal that changes to the crystal lattice of the inorganic core alone cannot fully explain the observed trends. Additionally, for CdSe/CdS core-shell nanocrystals, low-temperature Raman spectra reveal that higher order Raman features are the higher spherical harmonics of the fundamental breathing mode rather than multiphonon features.
Experimental details

Synthesis of colloidal nanocrystals
Colloidal QDs of various sizes were synthesized using a hotinjection method derived from Peng and Peng. 23 120 mg of CdO and 512 mg of n-octadecylphosphonic acid (ODPA) were added to 5.8 g of trioctylphosphine oxide (TOPO) in a 50 mL 3-neck round-bottom flask. These reagents were heated to 120 1C and degassed under vacuum for 1.5 hours, then heated to 300 1C under nitrogen until the brown suspension became a clear solution. At this point, 1.5 mL of trioctylphosphine (TOP) were injected into the flask, and the temperature was raised to 360 1C. When the solution reached this temperature, 0.9 mL of 1.7 M TOP-Se were swiftly injected into the flask with vigorous stirring. 1.5 mL aliquots were withdrawn from the reaction mixture approximately every 30 seconds after injection in order to obtain a size series of QDs. These aliquots were dissolved in 2 mL hexanes, and purified twice by precipitation with acetone and resuspension in hexanes. The resulting nanocrystals were stored in ambient conditions as a hexanes suspension before use.
Synthesis of core-shell nanocrystals
CdSe/CdS core-shell nanocrystals were synthesized according to Coropceanu and Bawendi, 24 with an initial wurtzite core of 1.6 nm in radius and a final radius after shell addition of 5.3 nm. Heteronanocrystals were purified by repeated precipitation with acetone and resuspension in hexanes. The purified nanocrystals were stored in hexanes under ambient conditions before use.
Low-temperature Raman spectroscopy
QD samples for Raman spectroscopy were drop cast from the stock solution to create optically dense thin films on single crystal quartz substrates. After drying in air, the samples were loaded into a ST-500 microscopy cryostat (Janis Research) and kept under vacuum for at least 12 hours before cooling with a cryogenic liquid (nitrogen or helium). Low-frequency nonresonant Raman spectra were acquired with a wavelengthstabilized 785 nm diode laser (Ondax), which, after passing several amplified spontaneous emission filters, reached the sample through a 40Â 0.6 NA objective with a power density of about 1.8 mW mm À2 . Scattered light was collected in a backscattering geometry, and Rayleigh-scattered light was filtered with two sequential notch filters (Ondax) which, combined, resulted in eight orders of magnitude Rayleigh suppression. Raman spectra were imaged using a 0.5 m focal length spectrograph with 1200 g mm À1 dispersion grating and a Peltier-cooled CCD camera (Princeton Instruments). The overall resolution of the instrument was 0.44 cm À1 . Each spectrum represents the average of three spectra acquired for 90 seconds. At least five minutes elapsed between measurements at different temperatures in order to ensure temperature stabilization before each measurement.
Results and discussion
CdSe core-only QDs
In order to understand how the acoustic phonon energies of QDs vary as a function of temperature, we synthesized a series of colloidal QDs according to Peng and Peng, 23 where aliquots were removed at various reaction times in order to achieve an array of sizes. These aliquots were purified by precipitation, and all samples were treated the same in order to minimize sample-to-sample differences that might result from, for example, different ligand coverage on different QD samples. 25, 26 The Raman spectra of these samples all reveal the same trend: a phonon mode softening (redshift) with increasing temperature (Fig. 1 ) without concomitant change in the phonon linewidth ( Fig. 2 ). For LO phonons in nanocrystals, the phonon linewidth is typically decomposed into a temperature-dependent contribution and a temperature independent contribution, resulting from an intrinsic zone-center phonon linewidth derived from its lifetime and a phonon-confinement effect broadening, respectively. 12 Acoustic phonons, unlike optical phonons, have no linewidth contribution from the sampling of a larger region of the Brillioun zone due to the phonon confinement effect; rather, their homogeneous linewidth results from their lifetime and damping with the environment. The nanoparticles studied showed no consistent change in linewidth as a function of temperature, and in general had nearly temperature independent linewidth, within the error of the measurement (Fig. 2b ). This suggests that inhomogenous contributions to the linewidth from, for example, many different sizes of QDs (QD sample had polydispersity r10%) or strong environmental damping, dominate contributions to the acoustic phonon linewidth in these materials. As can be seen in Fig. 2b , the linewidth in general decreases with increasing particle size, consistent with predictions based on environmental damping. 27, 28 However, this same trend can also be explained by sample polydispersity; QD batches having smaller average diameter tend to have greater size dispersity. 29 Acoustic phonon modes in CdSe QDs have been frequently understood using the elastic sphere model, first described by Lamb, 30 which yields phonon energies inversely proportional to the QD size. Though the modes with angular momentum number c = 0 and c = 2 are known to be Raman active, 31 this study focuses on the c = 0 mode for more facile interpretation. The equations governing the vibrations of an elastic sphere are sensitive not only to the size of the material, but also its elastic properties, given by its bulk modulus or transverse and longitudinal sound velocities, and its density. For CdSe, both of these are known to change with temperature: the bulk modulus changes by less than 5% over the temperature range between 77-300 K, 32 while the density changes by less than 1% in this range. 33 Incorporating these known changes in the physical properties of the CdSe core results in some expected variation in the nanoparticle acoustic phonon frequencies as a function of temperature, but it is insufficient to fully explain the observed trends. In Fig. 3 , we compare the temperature-dependent Raman spectra as a function of QD size to the predictions based on Lamb's model after accounting for changes in the bulk modulus and density at various temperatures. The Lamb model consistently over-predicts phonon frequency for a particular size, yet under-predicts the observed variation in phonon frequency for all sizes of nanocrystals over the measured temperature range. The smallest nanocrystals exhibit the greatest deviation from Lamb model calculations both in the absolute value of the phonon energy as well as the temperature-dependent variation (B2 cm À1 observed variation, compared to 1 cm À1 predicted), suggesting that other factors beyond those traditionally considered in the Lamb model may play a role in defining acoustic phonon frequencies in colloidal nanocrystal films.
We hypothesize that the QD ligands, organic molecules with a significantly different elastic modulus bound to the nanocrystal surface, may play an important role in determining acoustic phonon frequencies in these materials. 26 While other models have considered the effect of an elastic medium on the linewidth and acoustic phonon damping, 34 these organic ligands have not been explicitly modeled (in part because many studies of acoustic phonons in nanocrystals have focused exclusively on those embedded into glasses). Especially for small nanocrystals, where the surface-to-volume ratio is high and the total core mass is low, the inertial mass of the ligands may significantly affect the vibrational energies sustained within the inorganic core. 26, 35 While the Lamb model for vibrating elastic spheres predicts much of the variation in eigenmode frequency with particle size, it alone does not fully capture the temperature-dependent behavior of the acoustic modes in nanocrystals and highlights the necessity for models that explicitly account for surface ligands.
CdSe-CdS core-shell QDs
In addition to core-only nanocrystals, we also report on the temperature-dependent behavior of acoustic phonons in the more technologically-relevant core-shell nanostructures. Room temperature Raman spectra of the thick shell CdSe/CdS nanocrystals reveal the fundamental c = 0 Raman mode (labelled o 1 ), as well as a series of higher order modes at higher energies, of which the first is labelled o 2 in Fig. 4a . These phonon features display a similar temperature-dependent redshift in energy as was observed for core-only nanocrystals (Fig. 4b and c) , demonstrating again that any model for nanocrystal phonon mode energies must account for sample temperature. Also like the core-only CdSe QDs, the Raman linewidth of the phonon mode shows no variation with sample temperature within the error of the measurement. These data imply that the same fundamental physics govern both core-only and core-shell nanocrystals in the low-temperature regime. Temperature-dependent Raman spectroscopy reveals the identity of the higher order mode, o 2 , allowing discrimination between a two-phonon Raman scattering process and a single eigenmode with approximately twice the energy of the c = 0 fundamental mode (i.e. the n = 2 spheroidal mode). The temperature dependent intensities for the fundamental and second harmonic peaks are plotted between 4 K and 300 K in Fig. 4d . The nearly linear temperature dependence of the o 2 mode characterizes a one-phonon process; a two-phonon Raman scattering process would yield a quadratic dependence on temperature. 36 Additionally, from Fig. 4b and c, the temperature dependent energy shift is approximately equivalent for both the o 1 and o 2 modes, while a two-phonon process would have resulted in a 2Â larger energy shift with temperature for the second harmonic. From these data, we confidently assign the o 2 mode to single-phonon Raman scattering from the n = 2 eigenmode, as has been observed for silver nanoparticles. 37 Other higher order phonon modes are observed in Fig. 4a with energies close to 3o 1 and 4o 1 , but these features could not be conclusively assigned due to weak low-temperature signal.
Conclusions
We collected Raman spectra of CdSe and CdSe/CdS core-shell QDs between cryogenic temperatures and room temperature and monitored the response of the acoustic phonon Raman features. All samples studied exhibited a temperature-dependent mode softening at higher temperatures, consistent with expected changes in the bulk elastic properties and density of the core material, but the magnitude of the temperature-dependent shift suggests that changes to the environment surrounding the inorganic nanocrystal, including the organic surface ligands, may also play a role in determining the QD phonon energies. The negligible change in Raman linewidth over the temperature range studied in both types of nanocrystals likely results from Fig. 4 Acoustic phonons in spherical core-shell nanocrystals. (a) Lowfrequency Raman spectrum of CdSe/CdS core-shell nanocrystals having 3.2 nm diameter CdSe core and 3.7 nm thick CdS shell. The fundamental phonon peak is marked as o 1 and the second feature is marked o 2 . Two more higher-order phonon modes are visible in this spectrum collected at 300 K. (b) Peak center energy for the fundamental acoustic phonon mode as a function of temperature. (c) Peak center energy for the overtone phonon mode as a function of temperature. (d) Integrated peak intensities for the fundamental (red) and overtone (blue) phonons between 4 K and 300 K. inhomogeneous broadening (for example, due to polydispersity) that greatly exceeds any temperature-dependent change to the homogeneous linewidth derived from the phonon lifetime. Finally, we resolve for the first time the n = 2, c = 0 acoustic phonon mode for large CdSe/CdS core-shell nanoparticles.
